DNA double-strand breaks (DSBs)/Apoptosis/Hyperthermia/DNA-PK/ATM.
INTRODUCTION
Ionizing radiation and hyperthermia are able to induce a variety of biological effects, e.g. cell death, chromosomal aberrations, mutations and DNA strand breaks. There is good evidence that the nucleus, and specifically cellular DNA, is the principal target for radiation-induced cell lethality.
1) DNA double-strand breaks (DSBs) in particular are the most lethal type of DNA damage. In mammalian cells, DSBs are repaired primarily through two distinct and complementary mechanisms: non-homologous end joining (NHEJ), and homologous recombination (HR) or homology-directed repair (HDR). [2] [3] [4] NHEJ is considered to be the major pathway involved in DSB repair in mammalian cells; however, it is now well established that HR also has a crucial role. NHEJ is achieved without the need for the presence of extensive homology between the DNA ends to be joined, and acts within several hours through NHEJ protein components such as DNA-PK (DNA-dependent protein kinase), XRCC4, DNA ligase IV, Artemis and XLF/Cernunnos. 5) The NHEJ function is also required to complete V(D)J recombination, since severe combined immune deficiency (scid) develops in animals which are deficient in NHEJ components. Such animals include scid mice and knockout mice, due to their severely impaired V(D)J recombination as well as their hypersensitivity to ionizing radiation. 2, 5) DNA-PK is a serine/threonine kinase composed of a 460 kDa catalytic subunit (DNA-PKcs) and a DNA-binding heterodimer consisting of 70 and 86 kDa subunits (Ku70 and Ku86; Ku86 is also referred to as Ku80). 2, 5) DNA-PK acts as a sensor for DSBs during NHEJ, since DNA-PK is activated to bind to the ends of DNA. 6) DNA-PK is a critical enzyme in V(D)J recombination, since cells which lack either DNA-PKcs or the Ku subunits demonstrate severely impaired V(D)J recombination. DNA-PKcs is a gene in which a mutation can lead to the development of a scid mouse when there is a nonsense mutation at Tyr 4046. 7) Cloning of DNA-PKcs cDNA revealed that the carboxyterminal region of DNA-PKcs contains a catalytic domain which falls into the phosphatidylinositol 3-kinase (PI3-kinase) superfamily (PIKKs), although DNA-PK does not have lipid kinase activity. 8) Inositol hexakisphosphate (IP 6 ) can bind to Ku subunits but not to DNA-PKcs and specifically stimulates DNA-PK-dependent end-joining in vitro, although its role in NHEJ is not clear. [9] [10] [11] Ku proteins were first identified as an autoantigen in the sclerodermapolymyositis overlap syndrome.
12) The cloning of the cDNA and genes for Ku subunits from a variety of species has revealed that both Ku70 and Ku86 exist in organisms ranging from yeast to humans. The crystal structure of human Ku proteins was first determined by Walker et al. 13) Ku70 and Ku86 share a common topology and form a dyad-symmetrical molecule with a preformed ring which encircles duplex DNA. Ku makes no contact with DNA bases and makes few contacts with the sugar-phosphate backbone, but it fits sterically into the major and minor groove contours which positions the DNA helix in a defined path through a protein ring. Recently Ku and DNA-PKcs solution structures in complexes with or without DNA were defined.
14) The Ku86 C-terminal region forms a flexible arm which extends from the DNAbinding core to recruit and retain DNA-PKcs at DSBs. DNA-PK can phosphorylate a variety of proteins containing Ser/Thr-Gln (S/T-Q) motifs, although several exceptions are also known. 5) Matsumoto et al. reported that XRCC4 is specifically phosphorylated by DNA-PK in cells irradiated with X-rays. 15) Cells deficient in either XRCC4 or DNA ligase IV are sensitive to radiation and defective in V(D)J recombination, although the precise function of XRCC4 remains to be defined. 5) DNA-PK also phosphorylates Ku70, Ku86, XLF, Artemis and DNA ligase IV in vitro. However there is little evidence that the phosphorylation of these proteins is important for NHEJ in vivo, whereas the consequences of DNAPKcs autophosphorylation for NHEJ have been well defined. Multiple DNA-PKcs phosphorylation sites have been identified, including the PQR cluster (Ser 2023-Ser 2056), the ABCDE cluster (Thr 2609-Thr 2647), the 2671 cluster (Thr 2671-Thr2677), Thr 3950 and Ser 3205. Autophosphorylation between the ABCDE and the PQR clusters occurs in trans.
16) DNA-bound Ku promotes the assembly of DNAPKcs dimers and facilitates trans-autophosphorylation at a DSB. 14) Site-specific autophosphorylation of DNA-PKcs induces a large conformational change which opens DNAPKcs and promotes its release from DNA ends. 14) A recent model for NHEJ is summarized very well in Mahaney et al.
5)
However, it is not yet clear whether DNA-PKcs is released before recruitment of the XRCC4-DNA ligase IV complex to DNA ends, or after completion of DSB repair.
HR is the predominant DSB repair pathway in yeast and is performed by the Rad52 epistasis group of proteins including the products of Rad50-55, Rad57 and Rad59, as well as Mre11 and Xrs2. 17) In HR, the intact chromosome is used as a template to restore information lost at a break site, and thus HR is considered to be a high-fidelity repair pathway. The Rad51 protein, a eukaryotic homologue of E. coli RecA, plays a central role in both mitotic and meiotic recombination in S. cerevisiae and is essential for the proliferation of vertebrate cells. Takata et al. reported that five vertebrate Rad51 paralogs (Rad51B, C, and D and XRCC2 and 3) participate in HR as a functional unit which facilitates the action of Rad51. 18) In mammalian cells, the breast cancer susceptibility genes, BRCA1 and BRCA2, are also considered to be involved in HR. BRCA1-deficient mouse embryonic stem cells exhibit impaired repair of chromosomal DSBs through HR. 19) BRCA2 and Rad51 interact and colocalize in a BRCA1-BRCA2-Rad51 complex.
2) BRCA1 also interacts with the Rad50-Mre11-NBS1 complex, and co-localizes with it in nuclear foci which are distinct from those containing Rad51. It has been reported that a fraction of HR-related proteins are ubiquitinated. 4) UBC13, an ubiquitin E2 conjugating enzyme, plays critical roles in HRmediated DSB repair. 20) In addition, the Mus81-Eme1 endonuclease and the Fanconi anemia (FA) pathway have important roles in HR (reviewed in Kobayashi et al.) . 4) Ataxia-telangiectasia (AT) is a rare autosomal recessive disorder characterized by cerebella ataxia, oculocutaneous telangiectasia, radiosensitivity, a predisposition to lymphoid malignancies, and immunodeficiency. [21] [22] [23] Cells derived from AT patients show chromosomal instability, hypersensitivity to ionizing radiation and abnormal cell cycle regulation after irradiation. Ataxia-telangiectasia mutated (ATM) is a gene responsible for AT which was cloned through positional cloning, and it was shown that the carboxy-terminal region of ATM comprises a PI3-kinase-like catalytic domain. 24) The ORF of the ATM cDNA (9.168 kb) coding for 3056 amino acids is predicted to give rise to a 350.6 kDa protein. 21) ATR (ATM and Rad3 related) is also well known as a member of PIKKs and responds to single-strand DNA with ATRIP (ATR-interacting protein). ATM and ATR are, directly or indirectly, involved in the phosphorylation of many proteins related to cell cycle checkpoints and DSB repair pathways. More than 900 phosphorylation sites containing a consensus ATM and ATR phosphorylation motif (S/T-Q) in 700 proteins were identified by large-scale proteomic analysis. 25) Many substrates of the ATM kinase are also listed by Lavin and Kozlov. 23) ATM forms an inactive dimer or higher order multimer in the non-damaged cells. Bakkenist and Kastan reported that induction of DSBs causes a relaxation in higher-order chromatin structures that promotes the intermolecular phosphorylation of ATM at Ser 1981. 26 ) Autophosphorylation of ATM dimers or multimers leads to dissociation into active ATM monomers. Recently, Ser 367 and Ser 1893 have been identified as autophosphorylation sites in ATM. 27) All three autophosphorylation sites have been demonstrated to be physiologically significant because mutations in these phosphorylation sites led to defective in ATM signaling and failures to correct radiosensitivity, genomic instability and the G2/M checkpoint in AT cells. ATM has been thought to be involved in HR, because ATM phosphorylates both BRCA1 28) and NBS1 [29] [30] [31] at several serine residues after irradiation. However AT cells showed HR activity at levels similar to those seen in ATMcomplemented cells.
4) Riballo et al. described a model for the repair of radiation-induced DSBs during the G1 phase in mammalian cells, in which the majority of the DSBs are rejoined by the core-NHEJ which is mediated by DNA-PK, but repair of a subfraction of the DSBs requires Artemis. 32) Artemis is a downstream component of ATM-dependent signaling. Two core-NHEJ proteins, DNA-PKcs and DNA ligase IV, also appear to be required for Artemis-dependent DSB rejoining in G1 phase providing evidence for interplay between ATM-dependent signaling and NHEJ. 4, 33) Apoptotic cell death is a crucial cell suicide mechanism during development, and in the maintenance of homeostasis. If DSBs are unrepaired or misrepaired, apoptosis is a very important system which can protect organisms from carcinogenesis. Consistent with this, it has been shown that many genetic changes which occur during the development of tumors involve basic signaling pathways which function in apoptosis, and this can lead to tumor cell resistance to various cancer therapies. 34) This paper reviews recent results and current topics in the roles of DNA-PK and ATM in heat-and radiation-induced apoptotic cell death.
X-RAY-INDUCED APOPTOTIC CELL DEATH
Relationships between DSB repair mechanisms and cellular radiation sensitivity to X-rays or γ-rays have been thoroughly reviewed in this journal. 4, 35) This review focuses on X-rayinduced apoptotic cell death and PIKKs.
MOLT-4 is an extremely radiosensitive cell line originating from a human T-cell leukemia. These cells exhibit Xray-induced apoptotic cell death with the loss of viability as measured by dye exclusion and DNA fragmentation. 36, 37) MOLT-4 cells with wild-type p53 protein levels increasing within a in a few hours after exposures 38) developed cleaved forms of PARP, p42/SETβ, XRCC4 and DNAPKcs. 15, 39) In addition, JNK/SAPK was phosphorylated during the apoptotic cell death processes induced by X-rays or C2-ceramide. 40) Wortmannin is a fungal hydrophobic steroid-related product, and is known to inhibit many PIKKs at various concentrations. Wortmannin inhibits DNA-PK and/or ATM related DNA damage responses, i.e. the inhibition of p53 DNAbinding activity and transcriptional activation, 41) radioresistant DNA synthesis, 42, 43) prolonged G2-M delays, 42, 44) and the inhibition of DSB repair. [45] [46] [47] [48] Many of these results strongly suggest that both ATM and DNA-PK could be considered as relevant targets for radiosensitizing effect of wortmannin. Signal transduction pathways involved in wortmannin enhancement of X-ray-induced apoptosis were examined using MOLT-4 cells (Fig. 1) . 49) Pretreatment with wortmannin at concentrations higher than 1 or 2 μM significantly decreased clonogenic survival in MOLT-4 cells. Cellular viability levels after X-irradiation were also reduced by wortmannin. Induction of annexin V positive apoptotic cells 6 h after a 2 Gy X-irradiation was enhanced by wortmannin at a concentration of 1 μM or more. In addition, cleavage of PARP after X-irradiation was also enhanced by 10 μM wortmannin, and was inhibited by pretreatment with an inhibitor of caspase-3/7-like proteases but not by an inhibitor of caspase-1/4-like proteases. To examine whether wortmannin at a 1 μM or higher concentration could inhibit the kinase activities of DNA-PK and ATM, the phosphorylation of XRCC4 and p53 were analyzed. Phosphorylation of XRCC4 was detected in the irradiated cells without wortmannin but was not in cells exposed to wortmannin at concentrations greater than 1 μM. The Ser 15 residue in p53 is phosphorylated by ATM but not by DNA-PK after irradiation. 50) Phosphorylation of Ser 15 in p53 after X-irradiation was also inhibited by wortmannin at concentrations of 1 μM or more. In addition, the accumulation of both p53 and p21/WAF1/ CIP1 after X-irradiation was inhibited. These results suggest that the enhancement of X-ray-induced apoptotic cell death in the presence of wortmannin occurs through the inhibition Fig. 1 . Model of the X-ray-induced apoptotic cell death process enhanced by wortmannin. This model is based on the obtained results using MOLT-4 cells. 49) Wortmannin at a 1 μM or higher concentration could inhibit the kinase activities of DNA-PK and ATM. The p53-mediated apoptotic pathway is also inhibited by wortmannin. Both enhancement of X-ray-induced apoptosis and JNK activation were mainly caused by the enhancement of ceramide synthase activation, possibly through the inhibition of ATM by wortmannin. DNA-PK may be also instrumental in the enhancement of X-ray-induced apoptosis by wortmannin.
of DNA-PK and/or ATM. Akt/PKB is a Ser/Thr kinase activated by various growth factors, e.g. platelet-derived growth factor (PDGF) and basic fibroblast growth factor (bFGF), and this occurs through a PI3-kinase-dependent cellular survival pathway. 51) Akt has been thought to suppress apoptosis, possibly by phosphorylating Bad, Caspase-9, and the Forkhead family of transcription factors and IKKs. Phosphorylation of Akt at the Ser 473 residue was not significantly changed by an X-irradiation alone. In unirradiated cells, the phosphorylation of Akt was completely suppressed by wortmannin at 0.1 μM, which did not affect cellular survival and viability. These results suggest that the wortmannin induced inhibition of the Akt-dependent pathway was not enough to cause an enhancement of X-ray-induced apoptosis in MOLT-4.
During the process of radiation-or heat-induced apoptosis, p53 and sphingomyelinase (SMase) mediated pathways are thought to be important and often independent pathways. 52, 53) Ceramide is generated through the SMase mediated pathway after a exposure to a variety of stress stimuli involving ionizing radiation and heat, and can act as a second messenger to initiate apoptosis. 52 ) Cellular SMases are defined by their pH optima as being either neutral or acidic. Acidic SMase knockout mice and lymphoblasts derived from acidic SMase defective Niemann-Pick disease (NPD) patients display a deficit in radiation-induced ceramide generation and apoptosis. In contrast, radiation-induced ceramide generation and apoptotic cell death are regulated by p53 in MOLT-4 cells. 54) JNK/SAPK (c-Jun NH2-terminal kinase/ Stress-activated protein kinase; a group of MAP kinases encoding the jnk1, 2 and 3 genes) are activated by the exposure of cells to cytokines and environmental stresses. 55) Additionally, heat-induced apoptosis in human monoblastic leukemia U937 cells without an expressed p53 protein was suppressed by the transfection and induced expression of mutated JNK1. 56) Thus, the SMase mediated pathway with the activation of JNK, as well as the p53 mediated pathway, are considered important in heat-and radiation-induced apoptosis, but the roles of these pathways and their relationships are diverse and depend on the cell types used and stresses examined. In our study, 49) the phosphorylation of JNK at Thr 183/Tyr 185 residues was detected at 1 h after X-irradiation, and phosphorylation levels then gradually decreased with increasing incubation periods, but 10 μM wortmannin significantly enhanced and prolonged the phosphorylation of JNK. A significant enhancement of JNK phosphorylation was detected in cells treated with wortmannin at concentrations of 1 μM or higher. In addition, the phosphorylation of GST-c-Jun at Ser 63 by activated JNK was detected at 1 h after X-irradiation without wortmannin, and was reduced at 4 h. But the phosphorylation of GST-c-Jun was enhanced and prolonged in the presence of 10 μM of wortmannin, which was similar to the results seen for the phosphorylation of JNK. These results suggest that the enhancement of Xray-induced apoptosis by wortmannin was caused by the enhancement of p53-independent JNK activation.
The extent of enhancement of both JNK phosphorylation and of apoptotic cell death by wortmannin was reduced in a radioresistant mutant with low JNK activity when compared with the parental MOLT-4 cells. Recently Enomoto et al. identified serine-threonine protein kinase 38 (STK38) as an inhibitor of MEKK1 and MEKK2 (MEKK1/2) among the gene products which were over-expressed in a radio-resistant mutant. 57) STK38 negatively regulates the activation of MEKK1/2 through a direct interaction. STK38 may have important roles in the process of X-ray-induced apoptosis.
There are disagreements concerning the role of ATM in radiation-induced apoptotic cell death. [58] [59] [60] [61] [62] [63] [64] Meyn reported that AT fibroblasts and lymphoblasts underwent apoptotic death in culture after exposure to low doses of radiation which did not induce appreciable rates of apoptosis in control cells. 58) Duchaud et al., however, reported that radiationinduced apoptosis in AT lymphocytes and EBV-transformed lymphoblasts was reduced compared to normal cells, but that SV40-transformed AT fibroblasts underwent γ-rayinduced apoptosis, while SV-40 transformed normal cells did not. 59) In addition, radiation-induced JNK activation was defective in AT lymphoblast cells, 60) due to the suppression of the c-Abl-mediated pathway 61) and/or the BRCA1-Gadd45-mediated pathway.
62) The late accumulation of ceramide at 8-24 h after irradiation is rate limiting for the apoptotic process and depends on the DNA-damage-dependent activation of ceramide synthase which involves ATM and an early response within minutes, and which is caused by DNA damage-independent acidic SMase activation. 63) In this report, late ceramide accumulations were reduced in normal lymphoblasts treated with 25 μM of wortmannin, whereas a loss of viability as measured by dye exclusion was significantly enhanced. On the other hand, EBV-transformed lymphoblastoid cells derived from six AT patients exhibited increased ceramide synthase activation, ceramide generation, and apoptosis after X-irradiation when compared to three normal cell lines and AT cells stably transfected with a wild-type ATM gene. 64) This process is also considered to be independent of p53 since radiation-induced p53 activation is suppressed in AT cells. These results suggest that both enhancement of X-ray-induced apoptosis and JNK activation were caused by the enhancement of ceramide synthase activation, possibly through the inhibition of ATM by wortmannin.
Observations concerning the involvement of DNA-PK in radiation-induced apoptosis are quite limited. It has been reported that radiation-induced apoptosis in the thymus was suppressed in DNA-PKcs -/-mice. 65) In addition, KU70
-/-and DNA-PKcs -/-/-and Artemis -/-chicken DT40 cells were resistant to etoposide-induced apoptosis. 66) Etoposideinduced apoptosis in wild-type DT40 cells was also inhibited by DNA-PK inhibitors, NU7026 and wortmannin. On the other hand, Mori et al. identified DNA-PKcs as a candidate gene for Radiation-induced apoptosis 1 (RAPOP1), which was considered as a potential gene capable of controlling the response of apoptosis in the mouse thymus to ionizing radiation. 67) DNA-PKcs allele of reduced activity and stability in mice (Balb/c, 129/SvJ etc.) was linked to higher frequency of radiation-induced apoptosis in thymus. In addition, the defect in apoptosis in p53-deficient cells is repaired by the inactivation of DNA-PK. Gurley et al. reported that intestinal crypt cells from p53 -/-mice were resistant to radiationinduced apoptosis, whereas apoptosis in DNA-PKcs/p53, Ku86/p53 and Ku70/p53 double-null mice was quantitatively equivalent to that seen in wild-type mice. 68) Interestingly, it was not seen in ligase IV/p53 or Atm/p53 double-null mice. Recently Iijima et al. observed that NBS1 regulates a novel Bax activation pathway by disrupting the Ku70-Bax complex which is required for activation of the mitochondrial apoptotic pathway. 69) Dissociation of the Ku70-Bax complex can be mediated by the acetylation of Ku70, and NBS1 can function in this process through a protein-protein interaction with Ku70. DNA-PK and JNK may be instrumental in the enhancement of X-ray-induced apoptosis by wortmannin.
Our results suggest that the JNK pathway rather than p53-or Akt-dependent pathways may be more important in the enhancement of X-ray-induced apoptotic cell death with wortmannin, possibly through the inhibition of DNA-PK and/or ATM. Further studies are needed to learn more about downstream signal transduction pathways which are activated by DNA-PK or ATM, and to identify their physiological targets.
HEAT-INDUCED APOPTOTIC CELL DEATH
Hyperthermia has the ability to kill cells either alone, or synergistically with radiation, and thus is usually used to treat cancer in combination with radiation. The biological basis for the effectiveness of this combined use is the fact that radioresistant S-phase cells and hypoxic cells are relatively sensitive to hyperthermia. 70) In addition, hyperthermia has a radiosensitizing effect, possibly due to its inhibition of potentially lethal damage repair, 71) sublethal damage repair, 72) DNA polymerases 73) and the rejoining of singleand double-strand breaks. 74) Hyperthermia does not appear to have a single intracellular target which can cause cell death, but proteins, membranes, nucleic acids and the cytoskeleton are all affected by hyperthermia. 75) It has been suggested that mechanisms leading to heat-induced cell death include damage to the plasma membrane and the inactivation of heat-labile proteins, which results from protein denaturation and subsequent aggregation. 70) DNA-PK is inactivated by heat treatment due to the heatlability of the Ku subunits, which suggests that heat-induced inactivation of DNA-PK is a possible mechanism which can lead to hyperthermic radiosensitization. [76] [77] [78] Cells established from scid mice and Ku86-deficient xrs-6 fibroblast cell lines were sensitive to heat-induced apoptosis. 79) In addition, scid fibroblasts were sensitive to heat treatments and a resulting altered p53 accumulation and HSP70 induction. 80) DNA-PK may be important, not only for cellular sensitivity to ionizing radiation, but also for hyperthermia.
Initial efforts were made to examine whether wortmannin sensitizes cells to heat treatments with studies of Chinese hamster lung fibroblast V79 cells (Fig. 2) . 81) Treatment with 10 μM wortmannin decreased the clonogenic survival of V79 cells after a 44.0°C treatment as well as after X-irradiation. Sensitization was apparent when wortmannin was added before heat treatments, and its effect were minimal when it was added at the end of heat treatments. The heat sensitizing effect of wortmannin was obvious at final concentrations of more than 5 or 10 μM. In the presence of wortmannin, the viability of the cells began to decrease shortly after a 44.0°C treatment. In addition, wortmannin enhanced the cleavage of PARP and the appearance of DNA ladders after a 44.0°C treatment, suggesting that wortmannin enhanced heat-induced apoptotic cell death. The induction of HSPs after a heat treatment is considered to be a possible mechanism which leads to the recovery and/or the protection of cells from heat damage. 82) In V79 cells without wortman- Fig. 2 . Model of the cellular response to hyperthermia. Hyperthermia is thought to lead to the persistence of single-stranded regions and SSBs in replicating DNA, possibly through the inhibition of replicon initiation. DSBs could occur directly by heat or if separate SSBs formed in close proximity to each other on opposite strands. Heat-induced apoptosis, which may be mediated by ceramide induced JNK/SAPK cascade, could be suppressed by ATM at least partly. DNA-PK is inactivated by hyperthermia due to the heat-lability of the Ku subunits. Heat-induced DSBs could be repaired by ATM and/or H2AX mediated HR. ATM and/or DNA-PK may be involved in the process of thermo tolerance, because wortmannin treatment suppressed or delayed the heat shock induction of HSP70.
nin treatments, the induction of HSP70 was detected at 4 h after exposure to 44.0°C for 60 min. In wortmannin treated cells, however, the induction of HSP70 was delayed, and it began to appear only at 8 h after heat treatment. These results suggested that a wortmannin treatment suppressed or delayed the heat shock induction of HSP70. Next, heat-induced cell death was examined by utilizing cells deficient in either DNA-PK or ATM, to investigate potential wortmannin target molecules capable of enhancing the effects of heat-induced cell death. Ku86-deficient Chinese hamster XR-V15B cells and parental V79 cells exhibited similar heat sensitivities to a 44.0°C treatment. The reduction of viability after heat treatment was not significantly different between these two cell lines. Recently Takahashi et al. reported that the number of foci of DNAPKcs phosphorylated at Thr 2609 was lower than that of phosphorylated histone H2AX at Ser139 (γ-H2AX) at 30 min after heat treatment. 83) These results suggest that DNA-PK has no significant impact on the heat sensitivity. On the other hand, ATM -/-spontaneously immortalized fibroblasts derived from an ATM knockout mouse were more sensitive to heat treatments than ATM +/-and ATM +/+ cells. Heatinduced apoptotic cell death detected using annexin V staining and the TUNEL assay was enhanced in ATM -/-cells. Raaphorst et al. 84) and Mitchel et al. 85) however, reported that heat sensitivity in human AT cell lines was not significantly different from that in normal human cell lines. These conflicting results may have resulted from the use of different cell types, i.e. human fibroblasts derived from skin biopsies were used in these studies, whereas our group used spontaneously immortalized MEFs. There is a possibility that role of ATM in cellular heat responses are different in mice and humans. For example, human AT fibroblasts and lymphocytes are more susceptible than controls to bleomycin, while ATM knockout cells are not. 86) A more recent report using a mouse expressing ATM mutated at the autophosphorylation site Ser 1987 (the mouse site corresponding to Ser 1981 in humans) showed normal ATM-dependent responses at the organismal and cellular levels with no evidence of any dominant interfering activity. 87) On the other hand, abnormal cell cycle checkpoints and radiosensitivity in AT cells could not be complemented by the expression of mutated ATM with the phosphorylation site at Ser 1981 replaced by Ala. 26) ATM functions other than DNA-PK activity may have an important role in heat-induced apoptosis, at least under the experimental conditions used here.
Many reports have shown that heat induces fewer or no DNA DSBs when compared to X-rays. [88] [89] [90] On the other hand, in cells heated during S-phase, DSBs may possibly occur as a secondary response (reviewed in Roti Roti) . 91) Sphase cells are sensitive to heat, 70) and heat is thought to lead to the persistence of single-stranded regions and singlestrand breaks (SSBs) in replicating DNA, 89) possibly through the inhibition of replicon initiation. 75) Under such conditions, DSBs could occur if separate SSBs formed in close proximity to each other on opposite strands. 91) Recently, Takahashi et al. 83, 92, 93) and Kaneko et al. 94) reported that foci formation at histone H2AX phosphorylated at Ser139 (γ-H2AX) could be observed in many cell lines after heat treatment. The γ-H2AX foci formation is recognized as a marker for DSBs. Accumulating evidence suggests that DSBs might be induced directly and/or secondarily via DNA replication after a heat treatment.
ATM is thought to be activated after the induction of DSBs by ionizing radiation, and to be important in S-phase checkpoints.
2) Thus ATM may be important for its ability to recognize heat-induced DSBs during DNA replication in Sphase. The number of heat-induced γ-H2AX foci was higher in S-phase cells than in G1-and G2-phase cells. 95) ATM phosphorylates p53 Ser15 and partially upregulates p53 accumulations after DNA damage. p53-dependent p21/ WAF1/CIP1 induction and G1 arrests are observed after heat treatment. 96, 97) In addition, heat treatment leads to similar levels of p53 accumulation in normal and AT fibroblasts, but the p53 protein lacks a phosphorylated Ser 15.
98) Heatinduced γ-H2AX foci formation is dependent on ATM. 95) The autophosphorylation of ATM as well as ATM kinase activation can also be detected after heat treatment.
Many studies have suggested that the ceramide induced JNK/SAPK cascade is important in the heat-induced apoptotic cell death process (reviewed in Basu and Kolesnick). 52) Enomoto et al. reported that heat-induced apoptosis in U937 cells without an expressed p53 protein was suppressed by the transfection and induced expression of mutated JNK1. 56) Clarification of the relationships between ATM and p53 and/ or the ceramide-JNK pathway will hopefully provide important sights into the signaling pathways which are involved in heat-induced apoptotic processes.
